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Abstract
The 2S albumins are one of the major protein families involved in severe food allergic reactions to
nuts, seeds, and legumes, thus potentially making these proteins clinically relevant for allergic sensitization and potential diagnostic markers. In this study, we sought to purify native 2S albumin
protein from pecan to further characterize this putative allergen. The purified 2S albumin, Car i 1,
from pecan was found to be resistant to digestion by pepsin in simulated gastric fluid (SGF) and
comparatively stable to proteolysis by trypsin and pancreatin in simulated intestinal fluid (SIF). Digestion of purified Car i 1 in SGF and SIF resulted in formation of different digestion-resistant peptides that were capable of binding IgE antibodies from allergic individuals. Digestion stability of
Car i 1 and formation of digestion-resistant antigenic peptides may explain why it is a potent sensitizing protein in pecan for susceptible individuals. The observation that digestion-resistant peptides
are able to bind IgE implies that pecan can trigger systemic allergic reactions even after digestion in
the stomach and small intestine.
Keywords: allergens, digestion/digestibility, pecans
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Introduction
Even though they are safely consumed by a vast majority of the population, tree nuts can
also elicit reactions in allergic individuals. Food allergy has become an increasing problem
in Westernized countries and is also considered a major concern for food safety and public
health. A true food allergy is an antibody (immunoglobulin E or IgE)–mediated type I immediate hypersensitivity reaction. It is defined as an adverse immunological reaction to an
offending naturally occurring food component, most often a protein. IgE-mediated symptoms develop shortly after the exposure to the offending food (Shils, 2005). The severity of
the allergic reactions can occasionally be life-threatening. Strict avoidance diets are the
only option for individuals affected by food allergies; however, widespread use of major
allergenic food groups as food ingredients in a large variety of foods poses a great risk for
unintentional cross-contact in processed food (Lehmann et al., 2006). In the United States,
fatal anaphylactic reactions to foods are predominantly caused by either peanuts or tree
nuts (Fleischer, 2007). More than 3 million people in the US population are estimated to be
allergic to peanut and tree nuts, and typically this allergy begins in childhood (Roux et al.,
2003; Fleischer, 2007; Sicherer et al., 2010).
Tree nut allergies, similar to peanut allergies, are rarely outgrown, so they become lifelong afflictions that must be carefully managed through proper avoidance diets (Roux et al.,
2003). Fleischer (2007) found that walnut was the most prevalent allergenic tree nut, affecting 34% of respondents, followed by cashew (20%), almond (15%), pecan (9%), pistachio
(7%), and the other nuts (< 5% each). Pecan and walnut are phylogenetically closely related
and share homologous proteins from common protein families (Goetz et al., 2005). The
high degree of protein homology often results in IgE cross-reactivity; thus, allergy to pecan
is concomitant with allergy to walnut (Lee et al., 2011). The production of walnut is about
threefold higher than that of pecan (470 000 vs. 151 400 tons) (AgMRC). Thus, it is likely
that there is more exposure to walnut compared to pecan, which may explain the lower
frequency of involvement of pecan in allergic reactions.
Several proteins have been identified as major allergens in pecan (Carya illinoinensis).
The WHO/IUIS Allergen Nomenclature Database describes Car i 1 (2S albumin), Car i 2
(Vicilin-like protein), and Car i 4 (legumin) as pecan allergens. At the moment, only three
allergens in pecan have been identified and characterized [Car i 1 (Sharma et al., 2011a),
Car i 2 (Zhang et al., 2016), and Car i 4 (Sharma et al., 2011b)], while there are eight in
hazelnut, five in walnut, three in cashew, two in Brazil nut, and four in almond. In studies
by (Sharma et al., 2011a,b), it was found that the 2S albumin was more often recognized
than the legumin (in twenty-two of twenty-eight and in sixteen of twenty-eight pecan allergic individuals, respectively). Pecan 2S albumin consists of 143 amino acids (Uniprot
identifier: Q84XA9-1) with a predicted molecular weight (MW) of 16.8 kDa, and a pI of
5.16. Some 2S albumins appear in plant seeds as (partially) processed proteins consisting
of a heavy chain of around 10 kD and a light chain of around 5 kDa, which are held together
by disulphide linkages (Shewry & Pandya, 2012). To date, it has not been demonstrated
whether 2S albumin in pecan exists as single-chain protein like peanut 2S albumin, Ara h 2,
or as a partially processed double-chain protein held by disulphide bonds, but based on
the variable processing, protein bands at approximately 16, 10, and 5 kDa can be expected
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on reducing SDS-PAGE gels. A particular characteristic of 2S albumins is its stable secondary protein structure supported by four disulphides formed by eight conserved cysteine
residues (Shewry & Pandya, 2012). For some 2S albumins such as those found in peanut
(Sen et al., 2002; Koppelman et al., 2010), Brazil nut (Murtagh et al., 2002), and sunflower
(Berecz et al., 2013), it has been determined that the stable protein core prohibits proteolysis
by gastrointestinal proteases. Destabilizing the protein structure by means of reduction of
the disulphide bonds leads to an increased susceptibility for proteolysis and perhaps decreased allergenicity of 2S albumins from peanut (Sen et al., 2002; Apostolovic et al., 2013;
Bencharitiwong et al., 2015) and Brazil nut (Koppelman et al., 2005; van Bilsen et al., 2013).
Some food allergens possess an intrinsic stability that preserves their structure from degradation in the gastrointestinal tract. This may allow these allergenic proteins to reach the
intestinal mucosa largely intact, where absorption and interaction with the immune system
can occur, resulting in sensitization and allergy (Moreno, 2007). When examining pecan
specifically, an extract of soluble pecan protein contained digestion-resistant peptides after
simulated gastric digestion (Venkatachalam et al., 2006); however, the nature of these peptides was not elucidated. The aim of this study was to purify the 2S albumin, Car i 1, from
pecan, and to investigate the effect of in vitro digestion using simulated gastric fluid (SGF)
and simulated intestinal fluid (SIF). IgE-binding was evaluated using serum from patients
with pecan allergy.
Methods
Pecan 2S albumin purification
A sample of defatted pecan flour was extracted in 0.01 M PBS, 1 M NaCl, pH 7.4 in a 1:10
(w/v) ratio on a horizontal rocker for 1 h at room temperature. The extract was clarified by
centrifugation and filtered using a Stericup Filter Unit (pore size 0.22 μm; Millipore, Billerica, Massachsetts, USA). Filtrated extract, referred to as crude pecan extract, was used for
subsequent analysis. A two-step size-exclusion chromatography was performed using a
high-performance superose 12 10/300 GL column (GE Healthcare Bio-Sciences AB, Uppsala, Sweden) pre-equilibrated with elution buffer (0.05 M PBS, 0.15 M NaCl, pH 7.0) at a
flow rate of 0.5 mL min–1. The proteins were eluted from the column, and thirty 1 mL fractions were collected for 50 min using Beckman System Gold HPLC system with a 126NM
Solvent Module and a 168NM Detector (GMI Inc., Ramsey, Minnesota, USA). UV absorbance was measured at 280 nm, and the 2S albumin fractions were identified by the presence
of approximately 5–15 kDa dominant protein bands in SDS-PAGE gel. Fractions of interest
(Fig. S1b fractions 15–18) were pooled and concentrated using Amicon Ultra-0.5 10K Centrifugal Filter Devices (Millipore Corp.) according to the guidelines from the manufacturer.
A second size-exclusion separation using the same column was performed to achieve further separation of low molecular weight (LMW) proteins. The acetone precipitation (one
part sample mixed with five parts of 80% acetone overnight at –20°C) was used to concentrate the protein fraction 16 (Fig. S2b). The precipitated proteins were then pelleted by centrifugation at 13 000 × g for 10 min. The supernatant was removed from the pellet, and the
pellet was fully air-dried before being resuspended in 0.01 M PBS, 0.15 M NaCl pH 7.4.
The IgE-binding assay was performed on reconstituted pellet to show that 2S albumin
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containing fractions retained IgE immunoreactivity (data not shown). The total protein
content of pecan extract (3.9 mg mL–1) and 2S albumin (1.3 mg mL–1) was estimated by
Lowry method (Lowry et al., 1951).
Human sera
Twelve serum samples were obtained from patients with clinical history of moderate to
severe allergic reactions to nuts from the University Medical Center in Utrecht, the Netherlands. All patients gave informed consent. Some of the patients specifically recalled having past allergic reactions to walnuts or hazelnuts, while others did not specify or could
not recall which tree nut had caused their allergic reaction. The sera were tested for sIgE
in the ImmunoCap test (Thermo Fisher Scientific) against peanuts and different tree nuts,
including walnut, pecan, Brazil nut, cashew, hazelnut, and pistachio. Serum samples were
additionally characterized for specific binding to crude pecan extract and purified pecan
2S albumin by immunoblot assay. In this study, five sera with pecan-specific IgE were
pooled and used for characterization of digestion-resistant peptides in immunoassays, and
serum from a nonallergic individual was used as a negative control (Fig. S3). ImmunoCAP
values of the five sera are indicated in Table S1.
SDS-PAGE and immunoblot analysis
For SDS-PAGE, samples were electrophoresed on a 15% polyacrylamide Tris-HCl precast
resolving gel (Bio-Rad Laboratories, Hercules, California, USA), as described in detail by
Lee et al. (2011). Five microliters of standard MW markers (Precision Plus Protein Dual
Color Standards; Bio-Rad Laboratories) was loaded onto all gels. All analyses were done
under reducing conditions using 350 mM dithiothreitol (DTT). Following electrophoresis,
gels were electrotransferred to polyvinylidene difluoride (PVDF) membranes, essentially
as described by Lee et al. (2011), but the blocking step was done with 5% nonfat dry milk
(NFDM) instead of BSA. Human sera were diluted 1:10 in PBST (PBS with 0.05% Tween
20) containing 2.5% NFDM and allowed to incubate at room temperature for 1 h before
incubating with the blocked membrane overnight at room temperature. Unbound IgE was
removed by washing the membrane 4× for 5 min in PBST. The secondary antibody, monoclonal anti-human IgE (Mouse Anti-Human IgE (ε chain specific) Southern Biotech, Birmingham, Alabama, USA) conjugated with horseradish peroxidase (HRP), was diluted
1:1000 with PBST containing 2.5% NFDM and incubated with the membrane for 1 h. The
unbound secondary antibodies were removed by washing the membrane four times with
PBST. IgE detection was achieved using a SuperSignal West Dura Extended Duration Substrate trial kit for use with the HRP label (Thermo Scientific Pierce Protein Research Products). The emitted light, indicating bound pecan-specific IgE, was captured over several
exposures with a Kodak Gel Logic 440 image station. A serially diluted human IgE protein
(Abcam Inc., Cambridge, Massachusetts, USA) was spotted on a nitrocellulose membrane
(Trans-Blot-Transfer Membrane, 0.45 μm pore size, 9 × 12 cm; Bio-Rad Laboratories), and
the membrane was developed as described above to help gauge the signal strength.
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2S albumin identification by LC-MS/MS ion trap mass spectrometry
Stained protein bands from electrophoresis gels were carefully excised and analyzed at the
National Jewish Health mass spectrometry facility in Denver, Colorado. Sample analysis
was performed according to the standard protein identification strategy using mass spectrometry described by Shevchenko et al. (1996). The candidate proteins excised from the
gel were reduced using 1.5 mg mL–1 DTT and then alkylated in 10 mg mL–1 iodoacetamide
(IAA). The reduced and alkylated proteins were digested with trypsin overnight and extracted, and peptides were collected from the supernatant using a speed vacuum centrifuge. Resulting peptides were analyzed via LC-MS/MS on an Agilent ion trap (model 6340)
or Agilent QTOF (model 6510) mass spectrometer (Agilent Technologies, Santa Clara, California, USA) with an HPLC-chip interface. All HPLC components were Agilent 1100.
Buffer A of the nanopump was composed of HPLC grade water and 0.1% formic acid,
buffer B was 90% acetonitrile, 10% HPLC water, and 0.1% formic acid. The loading pump
utilized 3% acetonitrile, 97% HPLC grade water, and 0.1% formic acid. An HPLC-chip interface (Agilent; G4240-62006) was used, which consisted of a 40 nL enrichment column
and a 150 mm × 75 μm analytical column combined on a single chip.
Parameters for the ion trap were as follows: voltage was set at 1750, drying gas 3.5 L min–1,
temperature 350°C, m/z 300–1800, and the instrument was operated in ultrascan mode for
both MS and MS/MS. For MS/MS, m/z was 300–2200, and four precursors were selected
per MS scan. Active exclusion was used after precursors were selected three times and
exclusion was released after 30 s. All of the peptides and proteins that were identified by
mass spectrometry were validated using Spectrum Mill software (Agilent Technologies),
and the NCBI database was used for plant species searches. Carbamidomethylation was
set as a fixed modification, oxidized methionine was set as a variable modification, collected spectra were compared to tryptic peptides in the database, maximum of two missed
cleavage, precursor mass tolerance ± 2.5, product mass tolerance ± 0.7, and maximum ambiguous precursor charge = 4. Data were evaluated, and protein identifications were considered significant if the following confidence thresholds were met: minimum of two
peptides per protein, protein score > 20, individual peptide scores of at least 10 and scored
peak intensity (SPI) of at least 70%. The SPI provides an indication of the percentage of the
total ion intensity that matches the peptide’s MS/MS spectrum.
Proteases
Porcine pepsin purified from the stomach with a specific protease activity of 2730 U mg–1
was purchased from Worthington Biochemical Corporation (Lakewood, New Jersey, USA).
Trypsin from bovine pancreas with a specific protease activity of 271 U mg–1 P [treated
with L-(tosylamido-2-phenyl) ethyl chloromethyl ketone (TPCK)] to prevent contaminating chymotrypsin activity was purchased from Worthington Biochemical Corporation.
Pancreatin 8X USP from porcine pancreas with a specific protease activity of 210 USP U
mg–1 was obtained from MP Biomedical, LLC (Solon, Ohio, USA). The proteases were used
for digestion assays immediately after being dissolved in appropriate buffers to prevent
possible loss of activity due to autodigestion.
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In vitro pepsin digestion assay
The method of Ofori-Anti et al. (2008) was followed for determination of the digestive stability of pecan crude extract and purified pecan 2S albumin protein with some minor modification. The SGF contained 0.084 N HCl and 35 mM NaCl (pH 1.2). The protein reaction
mix (Pmix,), enzyme (pepsin) reaction mix (Emix), and digestion reaction mix (Dmix) contained 10 μL of test proteins and 190 μL SGF (no pepsin), 10 μL H2O and 190 μL SGF+pepsin, and 20 μL test proteins and 380 μL SGF+pepsin, respectively. A 1:10 dilution of protein
solution (P1/10) was made as a control point to estimate 90% digestion of the targeted protein
profile on an SDS-PAGE gel. The Dmix contained 380 μL of SGF at pH 1.2 and 10 U, 1 U, or
0.1 U of pepsin per 1 μg of test protein. The protein solution, SGF solution (no enzyme),
SGF+pepsin and water were preheated separately for 10 min at 37 ± 0.2°C before the start
of the experiment. Control points for the protein solution were obtained by drawing 40 μL
from Pmix and mixing with 14 μL of 200 mM NaHCO3 (pH 11.0) and 14 μL of 5× reducing
sample (Laemmli) buffer at time zero, followed by immediate heating for 10 min at 100°C.
The Pmix solution was then incubated for 1 h at 37 ± 0.2°C, and another 40 μL was drawn
and mixed with the NaHCO3 and Laemmli buffer for a control point at 60 min of digestion.
The same time points were collected from Emix to assure control points for the enzyme
used and to evaluate possible autodigestion of the enzyme. For the P1/10 control, 38 μL
SGF+pepsin was added to the NaHCO3 and Laemmli buffer, heated immediately at 100°C
for 10 min, and then, 2 μL of the 1:10 dilution of protein solution was added to the mixture
followed by another heating step. Digestion samples of 40 μL were collected at 0.5, 2, 5, 10,
20, 30, and 60 min intervals from the Dmix tube. Acquiring the control at time zero of digestion was accomplished by adding 38 μL of SGF+pepsin to the NaHCO3 and Laemmli
buffer and heating for 10 min at 100°C, followed by addition of 2 μL of protein solution
and another heating step. Digestion was stopped at the appropriate times by mixing 40 μL
from Dmix with 14 μL NaHCO3 and 14 μL Laemmli buffer. A worksheet for the assay can
be found in Table S2. Sample tubes were then heated for 10 min at 100°C. Immediately
after heating, all samples were stored on ice or at –20°C for later use. 1D SDSPAGE analysis
was conducted as previously described, and gel profiles were captured using the Kodak
Gel Logic 440 imaging system (Kodak Company, Rochester, New York, USA).
In vitro trypsin and pancreatin digestion assay
Simulated intestinal fluid (SIF), pH 7.5, which is described in the United States Pharmacopeia (Pharmacopeia U.P., 2009) as a 0.05 M buffer solution containing potassium dihydrogen phosphate (Rocca Chemical Company, Arlington, Texas, USA) was used. The protein
reaction mix, Pmix, enzyme (trypsin or pancreatin) reaction mix, Emix, and digestion reaction mix, Dmix, were prepared by combining 10 μL test protein and 190 μL SIF (no enzyme), 10 μL H2O (reverse osmosis distilled water) and 190 μL SIF+trypsin or pancreatin,
and 20 μL protein solution and 380 μL SIF+trypsin or pancreatin, respectively. To estimate
90% digestion of the targeted protein profile on an SDS-PAGE gel, P1/10, a 1:10 dilution of
the protein solution was made. The Dmix contained 380 μL of SIF at pH 7.5 and a ratio of
50 U or 5 U of trypsin or pancreatin per 1 mg of test protein. The protein solution, SIF
solution (no enzyme), SIF+trypsin or pancreatin, and H2O were preheated separately for
10 min at 37 ± 0.2°C before the start of the experiment. Control points for the protein
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solution were obtained by drawing 40 μL from Pmix and mixing with 10 μL of 5× reducing
sample (Laemmli) buffer at time zero followed by immediate heating for 10 min at 100°C.
The Pmix solution was then incubated for 2 h at 37 ± 0.2°C, and another 40 μL was drawn
and mixed with Laemmli buffer for the control point at 60 min of digestion. The same time
points were collected from Emix to assure control points for the enzyme used and to evaluate possible autodigestion of the enzymes. For the P1/10 control, 36 μL SIF+trypsin or pancreatin was added to Laemmli buffer, heated immediately at 100°C for 10 min, and then 4 μL
of Pmix protein sample was added to the mixture followed by another heating step. Digestion samples of 40 μL were collected at 2, 5, 10, 20, 30, 60, and 120 min intervals from
the Dmix tube. The control point at time zero of digestion was prepared by adding 38 μL
of SIF+trypsin or pancreatin to Laemmli buffer and heating for 10 min at 100°C, followed
by addition of 2 μL of test protein and another heating step. Digestion was stopped at the
appropriate times by mixing 40 μL from Dmix with 10 μL of 5× reducing sample (Laemmli)
buffer. Sample tubes were then heated for 10 min at 100°C. Immediately after heating, all
samples were stored on ice or at –20°C for later use. A worksheet for the assay can be found
in Table S3.
Results and discussion
Purification of pecan 2S albumin
Size-exclusion chromatography is often used for purification of plant 2S albumins (La González de Peña et al., 1991; Pastorello et al., 1998). We applied a two-step size-exclusion
chromatography approach to prepare essentially pure 2S albumin from pecan extracts. The
LMW peak eluting at 32–37 min (Fig. S1a) contained protein with the typical profile of 2S
albumin (Fig. S1b), that is main bands at 12 and 5 kDa, and a less intense band at 16 kDa
representing full-length 2S albumin (Shewry & Pandya, 2012); however, the fractions were
not pure: note the presence of high molecular weight (HMW) proteins. Fractions 15–18
(Fig. S1b) were concentrated and run again on the size-exclusion chromatography column,
resulting in a chromatogram with two main peaks in the LMW region (27–36 min, Fig. S2a)
that showed the 2S albumin protein profile without the presence of HMW proteins (Fig.
S2b). On SDS-PAGE, the apparent MWs were larger than predicted based on amino acids
sequences. This has been reported for other 2S albumins electrophoresed under reducing
conditions, and it is explained by the denaturing conditions that lead to protein unfolding
and lower mobility (Apostolovic et al., 2013). Protein bands from fraction 16, 17 and 18
were subjected to LC-MS/MS analysis to verify their sequence identity and the purity of
the 2S albumin fraction. Identified 2S albumin peptides are summarized in Table 1, and
Fig. 1 shows the sequence coverage of 51%, with best coverage near the C-terminus. Along
with peptides matching pecan 2S albumins, fractions 17 and 18 also contained peptides
identified as pecan 7S vicilin pentatricopeptide repeat-containing protein and nLTP.
Therefore, fractions 17 and 18 were omitted, and only fraction 16 was used for further
studies. The protein profile of purified 2S albumin is shown in Figure 2 and matches with
the expectations for 2S albumins (Shewry & Pandya, 2012). The purified sample shows the
presence of three bands, representing the intact protein (16 kDa) and a truncated version
and/or degradation products of the full-length protein at 12 and 5 kDa.
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Table 1. Summary of peptides identified in fraction 16 by LC-MS/MS Ion trap matching the
2S albumin from the NCBI protein database
Peptide scores
15.18

Position and sequence

Scored percent intensity

80 (R)QCCQQLSQMEEQCQCEGLR(Q)

78.6

19.73

103 (R)QQQQEEGRGEEmEEMVQCASDLPK(E)

89.8

17.49

103 (R)QQQQEEGIRGEEMEEMVQCASDLPKECGISSR(S)

76.9

13.75

128 (K)ECGISSRSCEIR(R)

862

m: oxidized methionine

Figure 1. Pecan 2S albumin amino acid sequence from NCBI database (Acc.# AAO32314).
Tryptic peptides identified by LC-MS/MS are underlined. Arrows and the numbers indicate tryptic digestion sites within the sequence.

Figure 2. Protein profile of purified pecan 2S albumin and crude pecan extract. M: molecular weight marker (indicated in left margin in kDa). Lane 1: Purified 2S albumin after the
2nd size-exclusion chromatography (2 μg protein load per lane). Lane 2: Crude pecan extract (10 μg protein load per lane).
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In vitro digestion of pecan proteins in SGF and SIF
High molecular weight proteins of pecan were highly susceptible to proteolysis in SGF
(Fig. 3a–c). HMW was degraded within first 30 s of digestion; LMW protein fragments,
approximately 12 kDa, were partially hydrolyzed compared to control samples (P0 and P60,
Fig. 3a–c). Rapid hydrolysis of HMW proteins has also been observed in peanut, almonds,
cashews, and walnut (Sathe, 1992; Sathe et al., 1997; Sze-Tao & Sathe, 2000; Koppelman et
al., 2010). Very slight autohydrolysis fragments of pepsin can be observed in the enzyme
control lanes. Lowering the concentration of pepsin by 10- and 100-fold (Fig. 3b and c) did
not have significant effect on the pepsin digestion stability of HMW pecan proteins. Again,
complete degradation was observed within 30 s. However, a fragment at approximately
16 kDa remained stable for the first 10 min with a 10-fold dilution of pepsin (Fig. 3b) and
was stable throughout the entire digestion time (up to 60 min) using a 100-fold dilution of
pepsin (Fig. 3c). Stable protein fragments with MWs at ~12 kDa were detected in digestion
at all three levels of pepsin.
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Figure 3. Protein profile of simulated gastric fluid digestion samples of crude pecan extract. Panel (a): 10 U of pepsin per 1 μg of protein extract. Panel (b): 1 U of pepsin per 1 μg
of protein extract. Panel (c): 0.1 U of pepsin per 1 μg of protein extract. M: molecular
weight markers (indicated in left margin in kDa); P0; P60: undigested crude pecan protein
at 0 or 60 min; D: crude pecan protein extract digested at various time points (subscript
numbers indicate a time point of digestion); P1/10: the 1:10 dilution of P + enzyme (pepsin)
at time = 0; E: enzyme (pepsin) alone (subscript numbers indicate a time point).
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The pecan 2S albumin, Car i 1, showed significant stability to pepsin hydrolysis with
tested levels (Fig. 4a–c). The protein band with the highest MW (~16 kDa) corresponding
to full-length 2S albumin remained intact for up to 5 min at 10 U of pepsin (Fig. 4a). The
same protein band was stable up to 30 min at 1 U of pepsin and for the entire digestion
time in 0.1 U of pepsin (Fig. 4b and c). The protein fragment (~5 kDa) was partially hydrolyzed by 30 min with 10 U of pepsin, while it remained stable throughout the digestion course
in both 1 U and 0.1 U of pepsin. Some proteolytic breakdown is observed for the 12 kDa fragment at 30 min of digestion with 10 U of pepsin (Fig. 4a). The fragment at 12 kDa remained
stable for 1 h of digestion with 1 U and 0.1 U of pepsin (Fig. 4b and c).
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Figure 4. Protein profile of simulated gastric fluid digestion samples of pecan 2S albumin,
Pepsin. Panel (a): 10 U of pepsin per 1 μg of protein. Panel (b): 1 U of pepsin per 1 μg of
protein. Panel (c): 0.1 U of pepsin per 1 μg of protein. M: molecular weight markers (indicated in left margin in kDa); P0; P60: undigested pecan 2S albumin, at 0 or 60 min; D: crude
pecan protein extract digested at various time points (subscript numbers indicate time
point of digestion); P1/10: the 1:10 dilution of P + enzyme (pepsin) at time = 0; E: enzyme
(pepsin) alone (subscript numbers indicate a time point).
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Findings from this study coincide with the results from digestion experiments on 2S albumins from peanut, sesame seed, and Brazil nut where the 2S albumin proteins of these
seeds were also found to remain stable to pepsin digestion for an extended period of time
(Sen et al., 2002; Koppelman et al., 2005, 2010; Orruño & Morgan, 2011). With regard to the
digestive stability in SIF with trypsin or pancreatin, Car i 1 appeared to be more susceptible
to digestion in the SIF than to the SGF system. At a higher concentration of trypsin and
pancreatin, 50 U per 1 mg of protein, complete hydrolysis of the full-length protein at 16 kDa
is observed within 5 min of digestion (Figs 5a and 6a). Substantial hydrolysis of 12 kDa
band was also observed in treatments with both proteases; however, weak bands were still
visualized after 2 h digestion time. The 10-fold dilution of enzyme mixes greatly increased
the stability of Car i 1 to digestion. Generation of new bands was observed in the 12 kDa
range (Figs 5b and 6b). Additionally, the full-length Car i 1 protein (16 kDa band) was also
observed at the end of the digestion with pancreatin (Fig. 6b); however, it appeared that
the full-length protein was degraded by 30 min with trypsin (Fig. 5b). Similar protein pattern and digestion stability were also observed for Ara h 2 in SIF using comparable levels
of trypsin (Sen et al., 2002; Koppelman et al., 2010). Different digestion patterns that were
observed using three different proteolytic systems, in this study, could be due to the different cleavage specificities of all proteases resulting in the various peptides produced during the digestion. Nevertheless, the observed stability of the pecan 2S albumin protein to
digestion could be a key factor in allergic sensitization to pecan, as these stable protein
fragments may have increased opportunities to interact with the gut immune system.
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Figure 5. Protein profile of simulated intestinal fluid digestion samples of pecan 2S albumin, Trypsin. Panel (a): 50 U of trypsin per 1 mg of protein. Panel (b): 5 U of trypsin per
1 mg of protein. M: molecular weight markers (indicated in left margin in kDa); P0; P120:
undigested pecan 2S albumin, at 0 or 120 min; D: pecan 2S albumin digested at various
time points (subscript numbers indicate time point of digestion); P1/10: the 1:10 dilution of
P + enzyme (pepsin) at time = 0; E: enzyme (pepsin) alone (subscript numbers indicate a
time point). Note: the remaining bands at approximately 23 kDa represent trypsin fragment.
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Figure 6. Protein profile of simulated intestinal fluid digestion samples of pecan 2S albumin, Pancreatin. Panel (a): 50 U of pancreatin per 1 mg of protein. Panel (b): 5 U of pancreatin per 1 mg of protein. M: molecular weight markers (indicated in left margin in
kDa).; P0; P120: undigested pecan 2S albumin, at 0 or 120 min; D: pecan 2S albumin digested
at various time points (subscript numbers indicate time point of digestion); P1/10: the 1:10
dilution of P + enzyme (pepsin) at time = 0; E: enzyme (pepsin) alone (subscript numbers
indicate a time point). Note: the remaining bands at approximately 37 kDa in lane D120
represent pancreatin fragment.

Assessment of IgE-binding to purified 2S albumins, and its digestion-resistant peptides
Sera from patients with clinical history to tree nut allergy and positive ImmunoCAP scores
to pecan showed great variability in the IgE-binding capacity to crude pecan extract with
recognition of protein bands ranging from 5 to 100 kDa. In total, twelve individual sera
were characterized for specific binding to crude pecan extract and purified pecan 2S albumin by immunoblot assay. Five sera showed binding to LMW pecan proteins and/or purified pecan 2S albumin (Fig. S3). No apparent IgE-binding was observed using serum from
a nonatopic, nonallergic subject. Nonspecific binding to the MW marker was observed in
several individual sera (B, D, F), while the serum from the nonatopic subject (H), and C, E
subjects were not reactive to MW marker. We believe that this may be due to the specificity
of the individual sera, especially serum F, and may be due to nonspecific binding to the
pink stained proteins used in the MW standards of the Precision Plus Protein Dual Color
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Standards, corresponding to the proteins at 25 and 75 kDa where binding was observed in
all three cases. Immunoblotting using pooled sera indicated that the purified Car i 1 and
its digestion-resistant peptides retained IgE reactivity; however, this reactivity varied by
treatment with pepsin in SGF (Fig. 7). Samples treated with pepsin generated stable fragments after 60 min of digestion, but IgE-binding was diminished or absent at 10 U concentration compared to 1 and 0.1 U levels of pepsin (Fig. 7). Koppelman et al. (2010) used the
same levels of pepsin for assessment of Ara h 2 stability in SGF. Additionally, Sen et al.
(2002) also used a similarly high level of pepsin (enzyme: protein ratio of 1:2 w/w) for assessment of Ara h 2, and they identified IgE reactive digestion-resistant fragments for this
2S albumin peanut allergen. The 0.1 U of pepsin level could be viewed as an approximation
of physiologically relevant enzyme levels (Moreno et al., 2005), and at this condition, IgEbinding to the digest was of similar intensity as compared to the native 2S albumin (Fig. 7).
Levels of 50 U and 5 U of trypsin and pancreatin per 1 mg of test protein were used for
assessment of the digestive stability of the pecan 2S albumin in SIF. Stable fragments were
observed at 60 and 120 min of digestion time (Figs. 5 and 6). In both trypsin digests, minimal IgE-binding was observed (Fig. 8), while for pancreatin clear IgE reactivity was found,
in particular, at 5 U level (Fig. 9). Trypsin and pancreatin levels of 50 U and 5 U per 1 mg
of test protein correlated to an approximate enzyme:protein ratio of 1:5, and 1:50 w/w,
respectively, which is at the mid to lower end of levels used by Koppelman et al. (2010),
Lehmann et al. (2006), Sen et al. (2002), and Orruño et al. (2011) when evaluating the stability of the 2S albumin from peanut and sesame seeds. Additionally, Venkatachalam et al.
(2006) applied several concentration ratios ranging from 10:1 to 1:100 (w/w) using pancreatin to evaluate the stability of the whole pecan extract in SIF. Also, a study by Liu et al.
(2011) tested the stability of tropomyosin in Grass prawn and Pacific white shrimp in SIF
using trypsin and chymotrypsin at a 1:50 ratio of protease to protein (w/w). Observations
from our experiments suggest that the 2S albumin from pecan is more susceptible to digestion by intestinal enzymes than to pepsin; however, digestion-resistant peptides showed IgEbinding capacity after digestion with all enzymes used. Reitsma et al. (2016) have determined several IgE-binding epitope regions of Ana o 3 (cashew homolog of Car i 1), and
one could also infer that the peptides we used to confirm the identify Car i 1 could also be
a part of IgE-binding region of Car i 1. Nevertheless, additional IgE-binding studies and/or
effector cell-based assays are needed to confirm such claims and to further substantiate
IgE-binding relevance of the digestion-resistant pecan peptides.
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Figure 7. IgE-binding to purified 2S albumin digested with pepsin in simulated gastric
fluid probed with pooled IgE sera.M: molecular weight marker; A: protein control, Car i 1;
B: digestion with 10 U pepsin at time 0; C: digestion with 10 U pepsin at 60 min; D: digestion with 1 U pepsin at 60 min; E: digestion with 0.1 U pepsin at 60 min; F: enzyme control
10 U pepsin; G: enzyme control 1 U pepsin; H: enzyme control 0.1 U pepsin. Dots in lower
part of figure show various amounts of IgE, to illustrate the dose-response of the staining.
Note: protein load in lane A was 1.7 μg.

Figure 8. IgE-binding to purified 2S albumin digested with trypsin in simulated intestinal
fluid probed with pooled IgE sera. M: molecular weight marker; A: protein control;
B: digestion with 50 U trypsin at time 0; C: digestion with 50 U trypsin at 60 min; D: digestion with 5 U trypsin at 60 min; E: digestion with 50 U trypsin at 120 min; F: digestion
with 5 U trypsin at 120 min; G: enzyme control 50 U trypsin; H: enzyme control 5 U trypsin.
Dots in lower part of figure show various amounts of IgE to illustrate the dose-response of
the staining. Note: protein load in lane A was 2.3 μg.
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Figure 9. Immunoblot analysis of 2S albumin digested with pancreatin in simulated intestinal fluid probed with pooled IgE sera. M: molecular weight marker; A: protein control; B: digestion with 50 U pancreatin at time 0; C: digestion with 50 U pancreatin at 60
min; D: digestion with 5 U pancreatin at 60 min; E: digestion with 50 U pancreatin at 120
min; F: digestion with 5 U pancreatin at 120 min; G: enzyme control 50 U pancreatin;
H: enzyme control 5 U pancreatin. Dots in lower part of figure show various amounts of
IgE to illustrate the dose-response of the staining. Note: protein load in lane A was 2.3 μg.

Conclusions
The focus of our study was not to mimic the gastric digestion in humans but rather to use
in vitro digestion assays as a convenient tool to characterize a relevant protein in pecan.
Many factors need to be taken into account when assessing the allergenic potential of a
particular protein, such as abundance in the food, effects of food processing, and food matrix; therefore, harmonized INFOGEST in vitro digestion systems are more suitable to
study kinetic behavior of proteins (Minekus et al., 2014; Egger et al., 2016). In conclusion,
we have shown that the 2S albumin from pecan is a digestion-resistant protein and that
the resulting digestion-resistant peptides produced immunologically active IgE-binding
peptides that are able to bind IgE in a similar way as undigested 2S albumin of the pecan,
Car i 1. The digestion-resistant peptides that remain after digestion are potentially capable
of stimulating the intestinal immune system and sensitizing of individuals upon exposure
to pecans and therefore might be responsible for the sensitization and elicitation phases
involved in allergic reactions.
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Supplementary Files
Table S1.

sIgE
(kU/L)
Pecan
32.1
9.42
7.5
15.6
55.0

Serum #
1
2
3
4
5
Table S2.

Pmix: 190 μL of only SGF + 10 μL test proteins

Samples
1. P0
2. P60

Volume
Incubation drawn
Time (min) (μL)
0
120

Volume of Volume of Boiling at
NaHCO3
LBS (5X)
100º C
added (µL) added (μL) min
40
40

14
14

14
14

10
10

Loading pattern of digested samples and controls on SDS-PAGE gel
1
2
3
4
5
6
7
8
9
10
11
12
13
M
P0
P60 D0
D0.5 D2
D5
D10 D20 D30 D60 P1/10 E0

10
10
10
10
10
10
10

Control tubes:

Dmix: 380 μL of enzyme SGF + 20 μL test proteins

Samples
1.D 0.5
2. D2
3. D5
4. D10
5. D20
6. D30
7. D60

Volume
Incubation drawn
Time (min) (μL)
0.5
2
5
10
20
30
60

Volume of Volume of Boiling at
NaHCO3
LBS (5X)
100º C
added (µL) added (μL) min
40
40
40
40
40
40
40

14
14
14
14
14
14
14

14
14
14
14
14
14
14

P: Protein control (P0 and P60)
P 1/10: 1:10 dilution of Pmix
D: Digest samples (D0, D0.5, D2, D5, D10, D20, D30, D60, D60)
P0-1/10: Protein control at 1:10 dilution (P0-1/10)
E: Enzyme control (E0, E60)

Emix: 190 μL of enzyme SGF + 10 μL H2O

Samples
1. E0
2. E60

Volume
Incubation drawn
Time (min) (μL)
0
120

Volume of Volume of Boiling at
NaHCO3
LBS (5X)
100º C
added (µL) added (μL) min
40
40

14
14

14
14

10
10

Sample D0 at minute 0.

Samples
1. D0

Volume of
Enzyme
with SIF

Volume of Volume of Boiling at
LBS (5X)
NaHCO3
100º C
added (μL) added (µL) min

38

10

14

Test protein
sample (µL)
14

2

Sample P0 sample

Samples
P0

Samples
P1/10

Volume of
only SIF
38

Volume of
only SIF
38

protein
sample
(Pmix)

Volume of Volume of Boiling at
NaHCO3
LBS (5X)
100º C
added (µL) added (μL) min
2

14

14

Volume of Volume of Boiling at
NaHCO3
LBS (5X)
100º C
added (µL) added (μL) min
14

14

10
protein
sample
(P1/10)

10

Boiling at
100º C
min
2

10

Table S3.

Pmix: 190 μL of only SIF + 10 μL test proteins
Volume
Volume of
Incubation drawn
LBS (5X)
Time (min) (μL)
added (μL)
Samples
1. P0
2. P120

0
120

40
40

Boiling at
100º C
min

10
10

10
10

Dmix: 380 μL of enzyme SIF + 20 μL test proteins
Volume
Volume of Boiling at
Incubation drawn
100º C
LBS (5X)
Time
(min)
(μL)
added (μL) min
Samples
1. D2
2
40
10
10
2. D5
5
40
10
10
3. D10
10
40
10
10
4. D20
20
40
10
10
5. D30
30
40
10
10
6. D60
60
40
10
10
7. D120
120
40
10
10
Emix: 190 μL of enzyme SIF + 10 μL H2O
Volume
Volume of
Incubation drawn
LBS (5X)
Time (min) (μL)
added (μL)
Samples

Boiling at
100º C
min

Sample D0 at minute 0.
Volume of
Enzyme
with SIF
Samples

Test protein
sample (µL)

1. E0
2. E120

0
120

1. D0

Volume of
only SIF
36

10
10

Volume of Boiling at
LBS (5X)
100º C
added (μL) min

38

Sample P0-1/10 sample
Samples
P0-1/10

40
40

10
protein
sample
(Pmix)

10
Volume of
LBS (5X)
added (μL)

4

10
10

10

2
Boiling at
100º C
min
10

Loading pattern of digested samples and controls on SDS-PAGE gel
1
2
3
4
5
6
7
8
9
10
11
12
13
M
P0
P120 D0
D2
D5
D10 D20 D30 D60 D120 P1/10 E0

Control tubes:
P: Protein control (P0 and P120)
D: Digest samples (D0, D2, D5, D10, D20, D30, D60, D120)
P0-1/10: Protein control at 1:10 dilution (P0-1/10)
E: Enzyme control (E0, E120)

14
15
E120 M

Figures
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